A relativistic configuration interaction study including the spin-orbit coupling has been carried out for a large number of electronic states for the antimony dimer and comparisons with analogous results for the isovalent Bi 2 molecule have been made. Bond lengths r e , vibrational frequencies e , excitation energies T e , and dissociation energies D e have been computed for all bound states up to 40 000 cm
I. INTRODUCTION
The electronic structure of diatomic molecules with ten valence electrons is especially difficult to describe theoretically, primarily because their ground states are characterized by a triple bond and singlet multiplicity, while the corresponding atomic dissociation products each have three unpaired electrons. In addition, their valence excited states cover the whole range of multiplicities from singlet to septet, with a correspondingly large variety of bond orders, and at higher energies are interspersed with singlet and triplet Rydberg states with which they undergo numerous avoided crossings. The situation becomes even more complicated when heavy atoms are constituents because of the importance of relativistic effects such as spin-orbit coupling. In recent work relativistic effective core potentials ͑RECPs͒ have been employed in a spin-orbit configuration interaction treatment to investigate the electronic spectrum of the Bi 2 molecule in this isovalent family, with both potential energy curves and transition probabilities having been calculated. 1 In the present study the next lightest homonuclear diatomic in this series, Sb 2 , will be subjected to a similar analysis in order to afford a systematic comparison of the properties of their various low-lying electronic states, both in the FranckCondon region of the X0 g ϩ ground state and out to their respective dissociation limits.
There have been a number of spectroscopic studies dealing with the Sb 2 molecule in the last decade. Bondybey et al. 2 trapped Sb 2 in a solid neon matrix and obtained electronic absorption and laser-induced fluorescence spectra from which they detected two upper states, A1 u and B0 u ϩ , with T e values of 15 023 and 19 109 cm
Ϫ1
, respectively. By analogy to N 2 they concluded that the A state is the 1 u component of the 3 ⌺ u ϩ -s species. They noted that excitation to the B state is followed by internal conversion into the vϭ0 level of the A state, from which fluorescence to X0 g ϩ could be observed. On the basis of the excitation spectrum they suggested a radiative lifetime of 20Ϯ10 s for the B state, and also argued that the A -X oscillator strength is 30 times smaller than for B -X. At about the same time Gerber and Kuscher 3 produced Sb 2 in the vapor phase in a heat pipe oven at 0.01-10 Torr pressure and also carried out laserinduced fluorescence ͑LIF͒ experiments, from which an early estimate for the ground state r e value was obtained. These authors also were able to measure the T e value of the B state, but were unable to observe the A state.
Another vapor-phase study 4 appeared the following year which provided accurate spectroscopic constants for the X and B states, as well as data for a new state (K) with the same ͑0 u ϩ ͒ symmetry as B. The X0 g ϩ dissociation energy was also determined and found to be in good agreement with an earlier thermochemical result. 5 The same authors also studied antimony clusters ͑Sb 2 , Sb 3 , and Sb 4 ͒ in inert-gas matrices by means of Raman and LIF spectroscopy. 6 On this basis they estimated the radiative lifetime of the B state to be 2 s, about ten times shorter than the earlier value reported in Ref. 2 . They commented that depopulation of the A state in the gas phase may be dominated by collision-induced A -X transitions. They did not observe fluorescence of the B state in an argon matrix and concluded that the latter's decay is probably determined by radiationless B -A transfer. Good agreement was found for the spectroscopic constants of the X, A, and B states obtained in an argon matrix and those reported from vapor-phase spectroscopy. They concluded that the A -X and B -X absorption processes occur in the visible region, but that emission in argon matrices always occurs from the A state, whereas in the gas phase A -X emission had not yet been observed. Finally, in more recent work Breidohr a͒ Marie-Curie fellow, Commission of the European Communities. Permanent address: Department of Chemistry, Physical Chemistry Section, Jadavpur University, Calcutta-700032, India.
et al. 7 were the first to observe a lower-energy 1 u state ͑a 1 ͒, with a T e value of 9474.29 cm
. They concluded that this state has a 3 ⌺ u ϩ composition, and not the A state as originally believed. 2 There have been two previous theoretical calculations of the Sb 2 molecule. Balasubramanian , 22 of them including the two lowest quintet species. They are responsible for a total of 45 -multiplets. Potential energy curves are computed for each of them and corresponding vibrational energies and wave functions are obtained within the BornOppenheimer approximation. In order to investigate their radiative lifetimes we also have calculated electric dipole transition probabilities for various pairs of electronic and vibrational states. In general, this set of calculations is carried out in a parallel manner to those reported earlier for the isovalent Bi 2 system, 1 so numerous comparisons are possible on this basis which allows for a systematic evaluation of the influence of relativistic effects on the electronic spectra of this group of molecules.
II. DETAILS OF THE THEORETICAL TREATMENT
The present calculations begin with a self-consistent field ͑SCF͒ treatment to generate one-electron functions for construction of a many-electron basis. A CI calculation follows based on the spin-independent operators to produce -s eigenstates. The final step includes the spin-orbit interaction, employing a matrix representation of the Hamiltonian based on all the -s wave functions obtained first. These solutions are also used to calculate various one-electron properties, principally the electric dipole moment components coupling various pairs of electronic states. The potential energy results are fit to polynomials and nuclear Schrö-dinger equations are solved numerically to obtain vibrational wave functions and energies. More details of the present theoretical approach may be found in earlier work dealing with the Bi 2 ͑Ref. 1͒ and BiF ͑Ref. 10͒ molecules, for example.
In the present study we have employed the semicore antimony RECP of LaJohn et al., 11 which describes all electronic subshells except the 4d, 5s, and 5 p. The SCF and -s CI calculations are carried out without including the spinorbit portion of the RECP, however. The atomic orbital ͑AO͒ basis employed is the (3s3p4d) primitive set of Cartesian Gaussians given in the original reference, 11 The CI treatment is of the standard multireference single-and double-excitation ͑MRDCI͒ type. 12 The calculations are carried out by means of a program package employing the Table CI algorithm, 13 which is capable of handling the complex open-shell relationships which arise in such calculations in a very efficient manner. Details concerning the numbers of reference configurations and roots treated in each symmetry are given in Table I , along with additional information about the sizes of the respective generated and selected MRDCI spaces. The calculations are carried out in the C 2v subgroup of the D ϱh point group and thus blocking of the secular equations only occurs in four irreducible representations. The SCF MOs transform according to linear symmetry, however, allowing for easy identification of the -s character of the resulting eigenstates. The linear notation for the lowest CI roots is also given in Table I , along with the corresponding sums of the squared coefficients of the reference configurations in each case. Altogether 62 distinct states of various linear representations have been obtained at each internuclear distance in the present treatment. While many of the higher-lying states are not of immediate spectroscopic interest, they are important for the spin-orbit CI, for which each of them is employed in the Hamiltonian matrix representation. A configuration selection threshold of Tϭ2.0 E h has been employed throughout, as in the corresponding Bi 2 treatment, 1 which leads to secular equation dimensions in the 11 000-18 000 range to be treated explicitly. The corresponding generated MRDCI spaces are of the order 1.5-2.5ϫ10 6 . A perturbative procedure 12 is employed to extrapolate the -s MRDCI energies to their zero-threshold 10 The calculations are done in steps of 0.1 a 0 from rϭ4.0 to 6.5 a 0 , i.e., in the Franck-Condon region of the ground state, whereas larger steps ͑0.25-0.50 a 0 ͒ are employed for larger bond distances out toward the dissociation limit. The final -potential curves are then used as input for vibrational Schrödinger equations which are solved by numerical techniques. 18, 19 The electronic dipole moment results are then averaged over pairs of the resulting vibrational eigenfunctions to obtain transition moments and Einstein coefficients for spontaneous emission and oscillator strengths. The radiative lifetime of a given upper state is then obtained by summing over the Einstein coefficients for all lower-lying states and inverting.
III. COMPUTED ENERGY RESULTS AND SPECTROSCOPIC CONSTANTS

A. Potential curves for -s states
The results of the Sb 2 -s potential energy calculations are shown in Figs. 1 and 2 for the gerade and ungerade states, respectively. The corresponding electronic energy differences T e , equilibrium bond lengths r e , and vibrational frequencies e are given in Table II ⌺ u Ϫ , also is predominantly →*, and it dissociates to the third most stable atomic limit, 4 S u ϩ 2 P u . Each of the three triplet →* states has a substantial contribution from the triply excited 3 →* 3 configuration, with its percentage value decreasing perhaps surprisingly with increasing excitation energy ͑Table III͒. Because of their different dissociation limits, these states have potential curves which eventually diverge from one another after starting out fairly parallel up to rϭ5.5 a 0 . As a direct consequence of these relationships, the corresponding equilibrium bond lengths are found to de 
The next three most stable states again derive mainly from the 2 →* 2 configuration. Their r e and e values are consequently fairly similar. The 1 ⌺ u ϩ state is the last of the →* group, but it has a much larger amount of →* ͑24%͒ and 3 →* 3 ͑17%͒ character than any of its lowerenergy counterparts. Its bond length is the largest of this group, and its e value is correspondingly small ͑Table II͒. This -s state undergoes a dipole-allowed transition to X 1 ⌺ g ϩ which is primarily responsible for the intense D -X band system observed experimentally. [20] [21] [22] [23] Six other bound -s states are included in Table II D term values in group VA atoms is not unexpected and can be traced primarily to deficiencies in the AO basis employed in the present treatment, especially the lack of f and higher spherical harmonics. For lighter atoms such overestimations more commonly fall in the 0.2-0.3 eV range, however, so some of the error noted in the Sb atom calculations appears to be caused by shortcomings in the RECP. 11 The atomic calculations have also been carried out in a CI treatment in which the 4d electrons are correlated as well and only relatively minor discrepancies ͑96 and 5 cm
Ϫ1
, respectively͒ relative to the 4d-core version first considered have been found. Thus it would appear that very little of the 2 D term value errors in the present computations can be attributed to the decision to exclude the 4d electrons from the CI excitation process.
The dissociation energy of the X0 g ϩ Sb 2 ground state is computed to be 1.95 eV ͑Fig. 3͒. Mass spectrometry data indicates the ⌬H 298 0 value for the Sb 2 ͑g͒→2Sb͑g͒ reaction is 71.8 kcal/mol or 3.1 eV. An underestimation of this magnitude for this quantity in the present calculations is expected based on previous experience with the isovalent N 2 molecule. 24 In order to properly describe the large variation in the magnitude of correlation effects which occurs during the bond stretching process, it is necessary to employ larger AO basis sets than in the present study. A simple and chemically intuitive means of accomplishing this is to add s, p,d bond functions at the inversion center. 24, 25 Alternatively it is necessary in a strictly atom-centered basis to employ higherorder spherical harmonics at least through f and g functions to obtain a comparable effect. 26 The errors in question are largest for the lighter group VA homonuclear diatomics, mainly because they possess shorter r e values than their heavier counterparts. Hence one expects the underestimation of the X0 g ϩ D e value to be smaller for the heavier Bi 2 molecule, and this seems to be borne out in practice, with a value of 1.49 eV having been found, 1 compared to the measured result of 2.04 eV, 27 an error of only 0.55 eV. The computed spectroscopic constants for the Sb 2 -states are given in Table IV ⌸ g , which we will see has a quite important effect on the intensity calculations for various transitions involving this state.
The lowest-lying -excited state is the a 1 1 u , which originates primarily from the →* 3 ⌺ u ϩ , as also found by Balasubramanian and Li. 8 The computed T e value is 1952 cm Ϫ1 lower than that observed by Breidohr et al. 7 and 1248 cm Ϫ1 less than the theoretical result obtained in Ref.
8. An underestimation of this magnitude relative to experiment is expected on the basis of standard correlation arguments, and is thus probably caused by AO basis deficiencies, similar to the corresponding error in the atomic 4 ⌸ u -s species, but one that is by no means as strongly avoided as in the above 0 g ϩ case ͑Fig. 3͒. The 0 u ϩ ͑III͒ state is a mixture of six -s states with contributions of more than 1% at rϭ6.10 a 0 . In between the latter two 0 u ϩ states are the 1 g ͑IV͒ and 1 u ͑V͒, which derive mainly from the 1 ⌸ g and 5 ⌸ u -s states, respectively, with their distinctive r e values. Two of the last three states below D0 u ϩ have 2 u symmetry and arise from the two different 3 ⌸ u states of the →* 2 configuration, the more stable of which has a repulsive potential curve ͑Fig. 2͒. Their energy difference is greatest near their respective r e values ͑Fig. 6͒, with their potential curves approaching the same atomic limit for large internuclear distances. The difference in their T e values is 2361 cm
. In between them is the 0 g Ϫ ͑II͒, which is predominantly the 2 →* for what they refer to as the K state, but the corresponding r e value is very close to that reported for the D state. [20] [21] [22] [23] This fact seemingly rules out a 0 u ϩ ͑II͒ assignment for the K state, since it has a fairly large bond length and quite small frequency according to the present calculations. It therefore seems more likely that K and D are related to the same 0 u ϩ upper state, namely 0 u ϩ ͑IV͒, a conclusion which is supported by the intensity calculations to be discussed in the next section. Still higher-lying states can be seen in Figs. 3-8, but the density of states becomes very high in this region, making it extremely difficult to analyze this portion of the Sb 2 electronic spectrum experimentally.
IV. INTENSITY CALCULATIONS
Some of the most interesting discussions in the experimental literature regarding the electronic spectrum of the Sb 2 molecule have to do with the radiative lifetimes of its various excited states. It is well known that measurements of such quantities are complicated by the need to eliminate collision effects that otherwise lead to the overestimation of intrinsic decay rates. In particular, the necessity of extrapolating observed data at finite pressure to their in vacuo limits is fraught with difficulty. The problems are especially acute when the radiative lifetime is relatively long because the corresponding transitions are correspondingly weak and often not easy to detect at all, much less carry out a Stern-Vollmer ⌸ g character. The present computed A1 u lifetime ͑vЈϭ0͒ is twenty times shorter than for a 1 1 u but is relatively long ͑0.3 ms͒. Emission from this state in the gas phase has apparently never been observed. 3, 4 Although the next most stable state, 0 g Ϫ , has no dipole-allowed transitions to the Sb 2 ground state, it is nonetheless found to have a relatively short radiative lifetime of 9.76 s because of the relative strength of its transitions to a 1 1 u . It is therefore somewhat surprising that the corresponding band system has apparently not yet been observed, especially since 0 g Ϫ has a relatively deep potential well ͑Fig. 4͒. The composite diagram in Fig. 8 multiplet potential curves cross that of 0 g Ϫ near its energy minimum, however, so it may be that nonradiative transitions represent a more efficient means of depopulating this state, for example, via rotational coupling with the 1 g state.
The present calculations find only very weak intensity for B -X transitions. The corresponding vЈϭ0 radiative lifetime is 14.4 ms, from which one can conclude that such emission processes play only a minor role in depopulating the B0 u ϩ state. As such the ratio of the B and A lifetimes is nearly 50, whereas Bondybey et al. 2 concluded that the B -X transitions should be up to 30 times stronger than A -X based on their matrix studies, a discrepancy of a factor of 1500 compared to the present results. On this basis it appears that collision mechanisms predominate in the depopulation of both the B and A states, and that it will be very difficult to obtain accurate radiative lifetimes for either state based on conventional gas-phase measurements. Experimental estimates for the B radiative lifetime 2,4 itself have ranged from 2 to 20 s, up to four orders of magnitude shorter than computed in the present study. Since the theoretical techniques employed have often yielded lifetime values which are accurate to within a factor of 2, 10,30 it seems highly unlikely on this basis that the B-state radiative lifetime is actually in the s range. On the other hand, Bondybey et al.'s 2 estimate for the lifetime of the A state, ϳ0.6 ms, is in good agreement with the present calculations. Since their result was based on a comparison of B -X and A -X intensities, however, the meaningfulness of this comparison can still be questioned. It should also be mentioned again that Gerber and Kuscher 3 were unable to observe A -X emissions in their gas-phase study and Sontag and Weber 4 have commented that depopulation of the A state in the gas phase may be dominated by collision-induced A -X transfer. The latter authors also concluded that the B-state lifetime in argon matrices is probably determined by radiationless B→A transitions. Our conclusion based on the present calculations is that the matrix studies do not give an accurate estimate of the radiative lifetime of the B state. The dipole transition moment for A -X is 0.066 D at rϭ4.85 a 0 , but only 0.0021 D for B -X, which results lead to estimates of 0.144 and 75 ms, respectively, for the A and B radiative lifetimes. It is therefore clear that the results of ⌺ u ϩ , which is a heavy mixture of the →* and →* states, at least near its r e value ͑Table V͒. The D -X band system is therefore characterized by spin-allowed in-plane transitions and it is thus not surprising that it should be among the very strongest in at least the low-energy portion of the Sb 2 electronic spectrum. There is as yet no experimental lifetime available for D0 u ϩ , so the present result represents a definite prediction which from past experience should be accurate to within a factor of 2. ⌺ g Ϫ -s state has also been computed and found to lie in the 3 ms range, and thus it is probably very difficult to detect emission processes originating from it.
V. CONCLUSION
The present theoretical study confirms that the lowestlying Sb 2 excited state is the a 1 , and the 3 ⌬ u 2 u and 3 u states are predicted to lie 300 and 150 cm Ϫ1 lower, respectively, with nearly equal r e and e values. Bond length results are computed to be uniformly too large by 0.10-0.11 Å, partly due to the failure to correlate the antimony 4d electrons. Basis set and RECP deficiencies also play a significant role in producing these errors. Previous calculations with a similar theoretical treatment for SbO and SbF give quite accurate r e and e values, however, so this is quite likely an indication that the present RECP and AO bases are less reliable for homonuclear diatomics. The
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⌺ g ϩ multiplets have larger r e values and are found to lie just below the 3 ⌬ u -states in energy. One expects correlation effects to play a stronger role for the triplet -s state, and the energy gap between these two groups of states is probably somewhat smaller than computed. Each of the Sb 2 excited states in this spectral region is rather long-lived. The radiative lifetime of the A1 u state is found to be 0.3 s. Matrix studies of the Sb 2 spectrum have lead to the conclusion that the B0 u ϩ state should have a thirty-times longer life than A, but the present calculations find instead that this quantity is quite long ͑14.4 ms͒. Emission from the A and B states has never been observed in gas-phase experiments, and the present calculations indicate that it will be very difficult to overcome this difficulty in future work. The 0 g Ϫ found near B0 u ϩ has a radiative lifetime of 7 ms, primarily because of the strength of its transitions to the a 1 1 u state. Such a band system has not been detected as yet, however, and it is speculated that the 0 g Ϫ state may be subject to nonradiative transitions involving the 1 g component of the 5 ⌺ g ϩ -s state, whose potential curve crosses that of 0 g Ϫ near its minimum. The present calculations find that by far the strongest transition in the low-energy Sb 2 spectrum is the D0 u ϩ -X0 g ϩ , which corresponds to the dipole-allowed 1 ⌺ u ϩ -1 ⌺ g ϩ -s transition. Some mystery remains about the identity of the K state, also believed to possess 0 u ϩ symmetry, reported to have a T e value of 31 397 cm Ϫ1 by Sontag and Weber. 6 The second 0 u ϩ state is computed to have strong transitions to X0 g ϩ , with a radiative lifetime of 17.2 s. The corresponding T e value ͑26 244 cm Ϫ1 ͒ seems much too low to be consistent with an assignment to the K state, however. It seems more likely that the K -X bands are part of the D -X system. Beyond this energy region the density of states increases substantially, so that nonradiative processes begin to dominate.
Finally, a good description of the dissociation of the Sb 2 electronic states has been effected in the present study. All the -potential curves which go to the lowest three atomic limits, except those corresponding to the repulsive 7 ⌺ u ϩ state have been calculated. The ground state D e value is underestimated by 1.0 eV, but this result is expected for such a group VA homonuclear diatomic since the AO basis set employed does not contain sufficient bond or atom-centered polarization functions to properly describe the breaking of a triple bond. In future work we plan to carry out similar calculations for the next lightest members of this series, As 2 and P 2 , for which more experimental data are generally available.
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